By the ether treatment of lyophilized PSI pigmentprotein complexes, all the carotenoids and the secondary acceptor phylloquinone (A 1 ), and more than 90% of the Chl were removed to yield the PSI complex with 9-11 molecules of Chl per reaction-center unit. The complexes retained the primary electron donor and acceptor (P700 and A 0 ), in addition to three FeS clusters (F X , F A and F B ), and showed an activity of highly efficient electron transfer when phylloquinone was reconstituted. The methods for the preparation and the characterization of the ether-extracted PSI complexes are reviewed in this article. We also review the studies done with this PSI preparation on (1) the identification of the absorption and fluorescence spectra of P700, (2) the nano-and picosecond reaction of A 0 and A 1 , (3) the energy-gap dependency of the reaction rate between A 0 and the artificial quinones reconstituted at the A 1 site, (4) the direct excitation of P700 followed by the ultra-fast electron transfer from P700 to A 0 , and (5) the de-and re-stabilization of the PSI structure by the removal and reconstitution, respectively, of antenna Chl in the presence of certain lipids.
Introduction
Photosystem I (PSI) reaction-center (RC) complexes of plants and cyanobacteria produce a strong reducing power to form NADPH that can be used for the reduction of CO 2 . The core of the PSI complex is a so-called 'heterodimer', which consists of two essentially homologous polypeptides named PsaA and PsaB. The complex contains more than 100 chlorophyll (Chl) molecules, carotenoids and FeS centers, together with several peripheral polypeptides, as shown in the three dimensional structure of PSI of a thermophilic cyanobacteria Synechococcus elongatus (Schubert et al. 1997 , Schubert et al. 1998 , Klukas et al. 1999 ). All the type-I RCs, that include the heterodimer RC of PSI in plants and cyanobacteria, and the 'homodimer RC' of heliobacteria and green sulfur bacteria, bind 30-100 molecules of Chls or bacteriochlorophylls (BChls) (see reviews by Hauska 1995, Klukas et al. 1999) . The structure with a large number of pigments makes a clear contrast to that of the type II RCs such as purple bacteria RC or PSII of plants and cyanobacteria that bind only six pigments on the heterodimer of M/L or D1/D2 polypeptides (see a review by Satoh 1995) . In the structure of PSI RC complex shown by X-ray crystallography, about 80 molecules of Chls are arranged in a circular manner around the pigment-sparse central core moiety that contains only six Chl a molecules (core Chls) at the interphase between PsaA and PsaB polypeptides (see Fig. 1 ). The six core Chls are arranged in a C 2 symmetry forming two almost equivalent branches similar to those in the purple bacteria RC complex. The photo-excited special pair Chl a (P700) gives an electron to the primary electron acceptor Chl a (A 0 ), via the accessory monomer Chl a (A), the secondary acceptor phylloquinone (designated A 1 or Q k in Fig. 1 ), the FeS center F X and, then to the FeS centers F A /F B on the peripheral PsaC protein. Only one of the two branches seems to be active in the electron transfer from P700 to F X since only one phylloquinone was enough to give the full activity of the electron transfer (Itoh and Iwaki 1989a) . However, it is also possible that the other branch functions but with less efficiency (Joliot and Joliot 1999) . Two additional Chls, designated 'connecting Chl' (C) also exist at symmetrical positions between the core Chls and the Chls in the peripheral circle ( Fig. 1 ), and were postulated to mediate the energy transfer to the core Chls (Schubert et al. 1997 , Schubert et al. 1998 .
The presence of a large number of Chls on the PSI RC complex has been a major difficulty in the spectroscopic studies of the electron and energy transfer in PSI (see reviews on PSI by Malkin 1987 , Golbeck and Bryant 1991 , Golbeck 1992 , Brettel 1997 . Selective removal of pigments that do not function in the electron transfer (the so-called antenna Chls) has been attempted by the treatments either with detergents (as reviewed by Malkin 1987) or with organic solvents (Ikegami and Katoh 1975) . Although the detergent treatment decreased the number of Chls on the PSI complex to about 30 Chls/P700, it also depleted all the FeS centers (Malkin 1987) . The extraction with diethylether containing a small amount of water (or acetaldehyde) was more successful in decreasing the number of Chls on the PSI complex. The resultant PSI complex had a total number of Chl a as low as 9-11 per P700, preserving electron transfer components other than phylloquinone . The extraction of phylloquinone from the PSI complex enables us to determine the chemical identity of the electron acceptor A 1 through the reconstitution with phylloquinones or various artificial quinones (Itoh and Iwaki 1989a , Itoh and Iwaki 1989b . The ether-extracted PSI complexes are also suitable for the precise measurement of the primary charge separation as revealed by recent observations of the ultra-fast electron transfer from P700, presumably to A (t 1/e = 0.9 ps) (Kumazaki et al., unpublished data) , to A 0 (t 1/e = 2-6 ps) (Kumazaki et al. 1997) and to A 1 (t 1/e = 20-30 ps) (Kumazaki et al. 1994a . In the present article, we review the methods of ether-extraction and the results obtained on PSI of spinach and cyanobacteria, as well as other RCs.
Experimental protocols of the ether extraction

Preparation of diethylether at different water-saturation levels
More than 10 ml-distilled water was added to 500 ml diethylether and shaken well to prepare the 100% water-saturated diethylether. The 100% water-saturated ether contained about 1% (v/v) water at 5°C. More than 10 g anhydrous Na 2 SO 4 was added to another 500 ml ether and kept overnight to prepare 0% water-saturated, i.e. dried diethylether. Diethylether at a desired water-saturation level was prepared just before the ether extraction by mixing appropriate volumes of dried and water-saturated diethylether that had been precooled (Schubert et al. 1997 ). Left, a top view seen from the stromal side. Right, a side view of the core portion of PS I RC along the membrane normal axis. P700, A and A 0 , represent the Chl cofactors in one branch and A¢ and A 0 ¢, in another branch, respectively. C and C¢ represent the connecting Chl. Q k and Q k ¢ represent phylloquinones as revealed by Klukas et al. (1999) . For details see text.
at 5°C.
Ether extraction to PSI particles
Prior to the ether extraction, thylakoids or PSI particles prepared with digitonin were repeatedly washed with distilled water to remove salts and detergents, and then, lyophilized completely (e.g. for 10-20 h). The lyophilized materials were packed with water-resistant paper sheets and stored in an airtight glass tube filled with N 2 at -80°C until use. To prevent the change of water-saturation level in ether, the humidity and temperature should be kept constant during the extraction. The temperature during the following experiments was kept at 5°C. About 5-20 mg of the lyophilized materials was put in a metal centrifugation tube and mixed with 20-30 ml of cold diethylether at desired water-saturation levels. The material was carefully homogenized with a small paintbrush. The pigment extracted into the supernatant was removed by centrifugation. This extraction procedure was repeated once. The ether-treated material was then dried in air and suspended in a 0.05 M TrisHCl buffer at pH 7-10. When necessary, the extracted material was solubilized by incubation for 30 min with the same buffer containing 0.1-0.4% Triton X-100 or sucrose monolaurate, followed by centrifugation to remove insoluble materials. The extracted material was further treated to purify proteins by fractionation with ammonium sulfate, followed by ultracentrifugation on the sucrose density gradient, to yield PSI core complex made of PsaA/B, C and other small polypeptides (Ikegami and Ke 1984a) .
The ether extraction of thylakoids or PSI particles that were prepared with Triton X-100 or dodecylmaltoside resulted in less enrichment of P700 (unpublished data). These detergents might not have been fully removed by subsequent washings.
Selective extraction of pigments and quinones on PSI complex
Many organic solvents with high dielectric constants efficiently extracted Chl, but also damaged P700 (Ikegami et al. 1995) . Among them, diethylether was most effective in selective extraction of pigments (Ikegami and Katoh 1975 ). An interesting property of ether is that we can increase its dielectric constant by increasing the water content, i.e. the water-saturation level in ether. We could extract more Chl by increasing the water-saturation level in ether, while P700 was quite resistant to the extraction (Fig. 2) . Chl b bound to LHC in the spinach PSI complex was resistant to the dried ether extraction, while most of Chl b was extracted with 80% water-saturated ether, producing a PSI complex with a Chl b/P700 ratio of less than unity (Ikegami and Ke 1984a) . Most of the lipids except about 5% were extracted with ether (Ikegami, unpublished data) . None of more than 10 subunit polypeptides associated with the PSI complex were removed by the ether treatment (Iwaki et al. 1992, Ikegami, unpublished data) . Table 1 summarizes the effects of the ether treatment on various constituents and electron transfer cofactors in PSI.
Ether at a low water-saturation level preferentially extracted the Chl a absorbing 700-710 nm light (the so-called Chl a-705) (Fig. 2) (Ikegami 1976, Ikegami and Ke 1984b ) that gives a characteristic PSI fluorescence peaking at around 730 nm (Butler et al. 1979) . The excitation energy on the antenna Chl seems to be trapped by Chl a-705 and then, transferred uphill The amounts of Chl a-705 were estimated from the absorbency at 705 nm in the absorption spectrum of the untreated and ether-treated PSI complexes. Complete extraction of Chl a-705 was confirmed by the absence of far-red fluorescence at around 730 nm at a cryogenic temperature. The amounts of Chl a and P700 were determined as in Ikegami and Katoh (1975) , Ikegami and Katoh (1989) . (Mimuro 1993 , Shubin et al. 1995 , Hastings et al. 1995 . Chl a-705 was assumed to be located at the periphery of the PSI RC (cf. Bassi and Shimpson 1987) . The removal of Chl a-705 by the ether-extraction eliminated the 730 nm fluorescence (Ikegami 1983 ) with slight changes in the primary charge separation. The efficiency of pigment extraction with ether varied with the organism and type of RC (Table 2 ). P700 in a cyanobacterium Synechococcus PCC6301 or a thermophilic cyanobacterium Synechococcus elongatus (Ikegami and Katoh 1989) was less resistant to the ethertreatment, resulting in less enrichment of P700, than that in spinach PSI complexes. Chl d is the major pigment in the newly found oxygenic prokaryote Acaryochloris marina (Miyashita et al. 1996 , Miyashita et al. 1997 . By the ether treatment of its thylakoid membranes, Chl d and the RC Chl (a Chl d dimer, the so-called P740) in the PSI complex (Hu et al. 1998) was not significantly extracted, though the phylloquinone in the complex was almost completely extracted (unpublished data). The BChl g special pair (P798) in the type-I RC complex of Heliobacterium chlorum was more labile to the ether-extraction so that the total BChl g/P798 ratio was decreased only to a half by the ether extraction (Kleinherenbrink et al. 1993 ). The primary electron acceptor A 0 in Heliobacterium, which is presumably a Chl a-like pigment having an absorption maximum at 670 nm (Nuijs et al. 1985 , Van de Meent et al. 1991 , was more resistant to the ether extraction (cf. Kobayashi et al. 1991a , Kobayashi et al. 1991b .
Most of the Chls a and b bound to LHCII or PSII in green plants were easily extracted by the ether treatment. The PSII primary acceptor, pheophytin a in thylakoid membranes or in digitonin-derived PSII particles was extracted with diethylether in parallel with the extraction of antenna Chls in PSII (Ikegami, unpublished data) . On the other hand, with the freeze-dried D1/D2-cyt b559 PSII RC complexes from which salts and detergents were carefully removed by repeated water- Table 2 Ether treatment of PSI complexes or thylakoid membranes from spinach, cyanobacterium and heliobacterium Pigments and quinones were extracted with ether containing water at 0, 50 and 100% saturation level, respectively. Data taken from Ikegami and Katoh (1975) , Ikegami and Katoh (1989) , Kobayashi et al. (1991a) , Kobayashi et al. (1991b) and Kleinherenbrink et al. (1993 washings, one (Chl a-677) of the six Chl a molecules and one (Car-489) of the two >-carotenes were selectively removed with 50% water-saturated ether without extraction of pheophytin a and P680 (Tomo et al. 1997 ).
Chl components P700 and A 0 -More than 90% of Chl was removed without any loss of P700 activity, by the treatment of the digitoninprepared spinach PSI complexes with ether at an 80% watersaturation level (Ikegami and Katoh 1975) . The lowest number of 11 was attained as a molar ratio of the total Chl a/P700. At the water-saturation level higher than 80%, the ratio did not change due to the parallel loss of P700 (Fig. 2) . By adding a small amount of acetaldehyde, instead of water, in ether, the PSI complexes with a total Chl a/P700 ratio of 9 were prepared (Ikegami et al. 1995) . Almost all P700 remained photochemically active after the ether treatment, indicating that A 0 was also enriched in parallel with P700. The high resistance of P700 and A 0 to the ether extraction suggests that their environment in the core of PSI RC is somewhat different from that of peripheral Chls. The core Chls other than P700 and A 0 such as the accessory Chl (A) and the connecting Chls (C) might also be resistant to the ether extraction, judging from the high activity of the charge separation and energy transfer among Chls remaining in the ether-extracted PSI complexes , Kumazaki et al. 1997 .
Spectral properties of P700-With the PSI complexes obtained by the extraction with 80% water-saturated ether or acetaldehyde-ether mixture, the absorption bands of P700 could be distinctly recognized in their absorption spectra (Fig.  3) . By the deconvolution of the spectra measured in the 11Chl/ P700 preparation (Ikegami and Itoh 1988) , the spectrum of the reduced state of P700 was estimated to have a peak at 694 nm at 77 K (a shadowed component in Fig. 3A) . The wider bandwidth and area supported an idea that P700 is a dimer of Chl a. On the other hand, the spectrum of the oxidized form of P700 was estimated by assuming almost invariant absorption bands for the other Chls during the redox changes. It showed a peak at 687 nm with a narrow bandwidth (a shadowed component in Fig. 3B ). The main and the satellite peaks in the P700 + /P700 difference spectrum, thus, were simulated as the difference between the disappearance of the reduced form and the appearance of the oxidized form with a slight shift of the other Chls. Recent electron magnetic resonance spectroscopies (Davis et al. 1993, Käß and Lubitz 1996) indicated that 80% of the unpaired electronic spin was localized on one of the two Chl a of Fig. 3 Curve analysis of the absorption spectra of P700-enriched PSI complexes determined in the presence of 5 mM ascorbate (A) or in the presence of 0.2 mM ferricyanide (B) at 90 K. The observed data are plotted as cross marks while the line through them is the sum of the Gaussian components. The absorption band due to A 0 was introduced according to the results reported by Mathis et al. (1988) . The presence of other major components was also speculated from the fluorescence and CD results. The error of fit at each point is shown below on a scale of 1/20. Figure from Ikegami and Itoh (1988) . P700 in the oxidized state. The P700 + spectrum, thus, might be ascribed mainly to the absorption by one of the two constituent Chl a molecules of P700 in which the other weakly coupled Chl a partner lost the Qy absorption band. Another interpretation for the P700 + spectrum might be that the 687 nm band originates from an electrochromic shift of Chls that are nearby P700, as was the case in the accessory BChls in the purple bacteria RC complexes. A dimeric structure of P700 was also supported by the derivative-shaped difference circular dichroism (CD) spectrum of P700/P700 + couple obtained in the P700-enriched PSI complexes (Ikegami and Itoh 1986) , or in the ordinary PSI preparations (Philipson et al. 1972 , Shubin et al. 1981 . It was also confirmed by the low magnetic CD activity of P700 (Nozawa et al. 1995) , the low-temperature Resonance Raman study (Moenne-Loccoz et al. 1990 ) and by the measurements of the Stark effect (Krawczyk and Ikegami 1993 ) with P700-enriched PSI complexes.
Several Chl a derivatives (an enol form, a stereo isomer Chl a¢ and a chlorinated Chl a) were proposed to be the chemical identity of P700 (Wasielewski et al. 1981 , Watanabe et al. 1985 , Donemann and Senger 1986 . HPLC analysis of pigments in the P700-enriched PSI complexes (Kobayashi et al. 1988 , Maeda et al. 1992 ) detected one Chl a¢/P700, but not any enol form or chlorinated Chl a. This suggested a close relation between Chl a¢ and P700. Recently, one of the two constituent Chl a in P700 was identified as Chl a¢ by the improved X-ray crystallography (Krauss et al. personal communication) .
Spectral properties of A 0 -The reduced-minus-oxidized difference spectrum of A 0 was determined by a nanosecond (ns) flash photolysis with P700-enriched PSI complexes , since the reduced form of A 0 has a life time of 40 ns due to the loss of A 1 phylloquinone, under which conditions A 0 -decayed by the charge recombination with P700 + . The difference spectrum of A 0 -/ A 0 was obtained as the difference between the transient difference spectrum of P700 + -A 0 -/P700-A 0 and the spectrum of P700 + /P700. The spectrum showed a narrow bleaching around 690 nm at 250 K, without any appreciable shoulder around 670 nm. Extinction coefficient of A 0 was estimated to be 80 mM -1 based on the difference spectrum. A similar A 0 -spectrum was also obtained by the ps transient spectrum in the P700-enriched PSI complexes (Kumazaki et al. 1994a , Kumazaki et al. 1994b or the PSI complexes (Hastings et al. 1995) . Since no strong derivative-shaped CD signal was detected around 690 nm in the P700-enriched PSI complexes (Ikegami and Itoh 1986 ), A 0 was assumed to be a monomeric Chl a.
Assignment of Chl components remaining in P700-enriched PSI complexes-The absorption spectrum of P700-enriched PSI complexes obtained by the extraction with 80% water-saturated ether was fitted by the sum of four major Chl Gaussian bands, that is, Chl a-660, Chl a-670, Chl a-675, Chl a-682 and Chl a-686 with the areas in a ratio of about 1 : 3 (or 2) : 2 : 2 : 1, in addition to the two molecules of Chls (Chl a-694) corresponding to P700 (Fig. 3A) (Ikegami and Itoh 1988) . Two more Chls, Chl a-682 and Chl a-670 were depleted by the ether-acetaldehyde extraction with no appreciable damage on the primary charge separation (Ikegami et al. 1995) .
Chl a-686 was assigned to be A 0 , since the reduced-minus-oxidized difference spectrum of A 0 showed a peak at 686-690 nm in the ether-extracted complexes , Kumazaki et al. 1994a , Kumazaki et al. 1994b . In the PSI crystal structure, the counterpart of A 0 (A 0 ¢) was shown to be located in an almost symmetrical position to A 0 . We assigned only one molecule of Chl a-686 form in the 77 K absorption spectrum so that if Chl a-686 is A 0 , A 0 ¢ might be missing in the preparation or it gives a peak at a different wavelength. A (the accessory Chl) is the nearest Chl to P700 so that the excitation energy is rapidly equilibrated with P700 (Fig. 1) . Chl a-682 that efficiently transferred excitation energy to P700 ) is, therefore, a candidate for A or its counterpart A¢. The porphyrin ring of Chl a-675 was oriented at right angles to that of P700 (Breton and Ikegami 1989) . A small part of Chl a-675 bleached upon reduction with ferrocyanide, with an apparent midpoint potential slightly lower than that of P700 (Ikegami and Itoh 1986 ). The large difference in the amplitude of the satellite band in the difference spectrum of P700 reported in different PSI preparations might be explained by the different contribution of this Chl. The lifetime of fluorescence (Fl-679) emitted by Chl a-675 was 5-7 ns, indicating no transfer of the excitation energy from this Chl to P700 ). It is not yet clear whether Chl a-675 is an intrinsic Chl form or simply a form denatured by the ether treatment.
Chl a-670 may be located close to A 0 , since the Chl form peaking at 670 nm was reduced at 210 K by the photoaccumulation under the condition expected to reduce A 0 , i.e. on strong continuous illumination in the presence of dithionite (Ikegami and Ke 1984a) as observed in the PSI complex (Mansfield and Evans 1985) . Denatured products of P700, A or A 0 might also contribute to some extent to the Chl a-670 and Chl a-660, because the absorption band of P700 disappeared concomitantly with the appearance of the 672 nm band upon destruction with SDS or by heat treatment (unpublished data). All Chls other than Chl a-675 remaining in the P700-enriched PSI complexes were found to equilibrate excitation energy with P700 in less than 1 ps so that all of them seem to be situated in a close vicinity of P700 (Kumazaki et al. 1998) . Table 3 summarizes the suggested roles of the Chl species remaining in the P700-enriched PSI complexes.
Fluorescence emitted by P700-P700-enriched PSI complexes showed a fluorescence emission spectrum with major peaks at 679 (Fl-679) and 695 nm (Fl-695) at 280 K. The yield of Fl-695 depended on the redox states of both P700 and all the Fe-S centers (Ikegami 1976 ). There was no Fl-695 in the oxidized state of these cofactors. The maximum yield of Fl-695 was obtained when P700 and all the Fe-S centers were in the reduced state (Ikegami and Ke 1984b) . Fl-695 showed multiexponential decay with the longest decay time of 30 ns at 290 K and 100 ns at 77 K ). The long-lived emission was ascribed to the delayed fluorescence produced by the charge recombination between P700 + and A 0 - . The emission peak of Fl-695 shifted from 695 to 702 nm on cooling from 290 K to 77 K. The red shift occurred in parallel with the shift of the absorption peak of P700 from 692 to 698 nm. Reconstitution of phylloquinone suppressed Fl-695 as expected from its function to oxidize A 0 -and to suppress the charge recombination. There was no Chl with a lower energy level than P700 in this preparation so that the delayed fluorescence seems to be emitted by P700 itself.
Heat stability of P700-Heat treatment at 80°C for 5 min destroyed a half of P700 in spinach PSI complexes. The heat stability decreased as the decrease of pigments in PSI (Ikegami and Katoh 1991) . The half-inactivation temperature of P700 decreased to 32°C in the spinach ether-extracted PSI complexes with a 11 Chl/P700 ratio. In the PSI complexes of thermophilic cyanobacteria, the half-inactivation temperature of P700 was 100°C and 37°C before and after the ether extraction, respectively. The heat stability was recovered upon the reconstitution of antenna Chl a. Addition of Chl a concomitantly with phosphatidylglycerol (PG), or monogalactosyl diacylglycerol (MGDG) restored the heat tolerance. Phosphatidylcholine, Fig. 4 Transient absorption spectra obtained at 0.3, 2 and 17 ps after a direct excitation of P700 in the ether-extracted spinach PSI complexes (upper part) and a kinetic trace of the absorbance probed at 695 nm (inset). The spectra were obtained by subtracting the absorption spectrum obtained before from that after a laser excitation at 696 nm with a flux density of less than 0.2 photon absorbed per RC. The results indicate that the ground state of P700 is depleted just after excitation (a dotted line), followed by the uphill energy transfer from the excited P700 to the shorter wavelength Chls (a broken line and a kinetic trace in inset). The oxidation of P700 at the cost of the excited P700 occurs concomitantly in a ps time range, resulting in almost no absorption change at 695 nm (a kinetic trace in inset). The reduction of A 0 (and A?) also occurs, accompanying an additional absorption decrease possibly at 685 nm (broken and solid lines). The solid line is mainly due to the P700 + A 0 -/P700A 0 difference spectrum. The lower figure shows the difference between 0.3 ps and 2 ps (a broken line), or 2 ps and 17 ps (a solid line) (for details see in Kumazaki et al. 1998). phosphatidylinositol and digalactosyl diacylglycerol had only a slight effect. Addition of Chl a or lipids alone had no appreciable effect on the heat stability. The restoration was proportional to the amount of Chl a molecules rebound as active antenna pigments (Ikegami 1983, Ikegami and Katoh 1991) . Some lipids like PG, might bind to specific sites on the RC polypeptides and might help the proper binding of Chl a.
Excitation energy transfer and electron transfer in the P700-enriched PSI complexes-P700-enriched PSI complexes have also been useful to investigate the transfer of the excitation energy and electron on the PSI RC, because loss of most antenna Chls, including Chl a-705, makes the process of energy transfer simple and because preferential excitation of P700 is possible.
Upon the 638 nm excitation of the P700-enriched PSI complexes at a flux density of less than one photon per P700, excitation energy was equilibrated among most Chls within 1 ps (Kumazaki et al. 1994b , Kumazaki et al. 1997 , Kumazaki et al. 1998 . Then, the charge separation occurred between P700 and A 0 with the time constant of 6.5 ps at 278 K, indicating that the charge separation was the rate-limiting step in the overall reaction (Kumazaki et al. 1994b) . Upon the selective excitation of P700 with a 696 nm flash, the excitation energy was uphill transferred from P700 to the neighboring Chls within 1 ps, followed by a biphasic charge separation with time constants of 2 and 7-15 ps, which were obtained by the fluorescence up-conversion and transient absorption measurements, respectively (Kumazaki et al. 1997 , Kumazaki et al. 1998 (Fig. 4) . The rate of 2 ps was theoretically introduced by assuming all the excitation energy localized among P700, A (A¢), A 0 (A 0 ¢) and C (C¢). The 2 ps charge separation was as fast as those (i.e. about 3 ps) found in PSII and purple bacteria RCs, which have only 6 (B)Chls (Parson 1996 , Klug et al. 1998 ). On the selective excitation of P700 at 280 K, Kumazaki et al. (unpublished data) recently observed the formation of the anion radical of Chl with the time constant of 0.9 ps at 740 nm, in which wavelength region the contribution of excited monomer Chls is ignored (cf. Kumazaki et al. 1994b ). The time constant was significantly shorter than those (2-3 ps) found previously (Parson 1996 , Klug et al. 1998 , Kumazaki et al. 1997 , Kumazaki et al. 1998 , suggesting the strong electronic coupling between P700 and the nearest Chl (presumably A), which is estimated to be located in an edge-to-edge distance of 4.6 Å according to the crystal structure of PSI RC. The 4.6 Å edge-to-edge distance in PSI is smaller than that between the accessory BChl and the special pair in purple bacteria RCs (5.4-5.5 Å) (Moser et al. 1992) .
Quinones
Extraction of phylloquinones-Two molecules of phylloquinone were shown to be bound to PSI RC (Takahashi et al. 1985, Schoeder and Lockau 1986) . One of the two phylloquinones can be extracted with n-hexane or n-heptane with no effects on the electron transfer activity in PSI (Malkin 1986 ). Both of the two phylloquinones in PSI were extracted with ether at the 0-80% water-saturation level without damages on P700 and A 0 (Table 2) , or with a hexane-methanol mixture in cyanobacterial PSI complexes (Biggins and Mathis 1988) . The extraction eliminated the A 1 -EPR signal and blocked the electron flow from A 0 to FeS centers . The laser excitation of the etherextracted PSI complexes produced a radical pair (P700 + -A 0 -), which had a rather long decay time of about 40 ns as a result of the block of the electron flow from A 0 -to FeS centers .
Reconstitution of A 1 with artificial quinones-Various artificial quinones (benzo-, naphtho-or anthraquinones) and quinonoid compounds (fluorenones, anthraldehyde or phenanthroline) have been shown to bind at the A 1 site after the extraction of intrinsic phylloquinones by the ether treatment (Itoh and Iwaki 1989a , Itoh and Iwaki 1989b , Iwaki and Itoh 1989 . The photoreduction of reconstituted quinones occurred at room and cryogenic temperatures. Some of them mediated the electron transfer between A 0 -and F X Itoh 1994) . The abilities of quinones/quinonoids to accept electrons from A 0 -, and to reduce F X or P700 + , depended not on their molecular structures, but on their redox potential (E m ) in situ at the A 1 site . The requirement of one phylloquinone for the full activity was shown by the reconstitution studies Iwaki 1989a, Itoh and Iwaki 1989b) or by the detergent treatment of PSI complexes (Malkin 1986 ). These results indicated that the electron is transferred mainly through one branch in the core of PSI RC.
Redox potentials of quinone -/quinone in situ at the A 1 site-The redox potentials (E m ) in situ of the reconstituted quinones were estimated by the kinetics of the electron transfer from quinones to either P700 + or F X . The quinones that have the redox potentials in the organic solvent [determined electrochemically as a half wave redox potential (E 1/2 ) in dimethylformamide (DMF)] equal to -400 mV, such as 2-methyl-naphthoquinone, reduced both P700 + and F X in equal amounts. The quinones with more negative E 1/2 values reduced a higher amount of F X and those with a more positive E 1/2 did not reduce F X but reduced P700 + directly with a t 1/e of 100-300 ms at 290 K as well as at 77 K. Therefore, the quinone with an E 1/2 of -400 mV in DMF was shown to have an E m value comparable to that of the F X -/F X in situ at the A 1 site (i.e. -720 mV). The -320 mV difference between the quinone redox potentials in DMF and in PSI protein indicated that the A 1 site has the microenvironment with an extremely low dielectric nature. Although the E m of phylloquinone -/phylloquinone in situ has not been directly titrated, it was thus estimated to be -820 mV based on a shift by -320 mV between E m at the A 1 site and the E 1/2 (-500 mV) of phylloquinone -/phylloquinone in DMF. Binding affinities of quinones to the A 1 site-The binding affinity of the quinones to the A 1 site in the phylloquinoneextracted PSI complexes was measured on the basis of the dis-sociation constant (K d ). K d was estimated with the amounts of the quinone-reconstituted PSI complexes after overnight incubation with each quinone at various concentrations. K d varied depending on the molecular structure of the quinone: (1) hydrocarbon chains, (2) aromatic rings, and (3) ) at the A 1 site, suggesting that the site provides a thin and broad space for a quinone, sandwiched by aromatic amino acid residues which enable the p-p electron interaction with the quinones. The presence of carbon tails also increased affinity. Plastoquinones, which function as the acceptor in the PSII RC, showed a poor binding to the A 1 site (Iwaki and Itoh 1989) . Recently, Johnson et al. (2000) and showed that plastoquinone 9 was bound at the A 1 site with cyanobacterial mutants in which phylloquinones were missing since the biosynthesis of phylloquinone was blocked. The rate of the electron transfer from plastoquinone 9 to F X has not yet been determined but seems to be as fast as expected by its redox potential in situ.
Energy-gap dependency of the reaction rate between A 0 and the artificial quinones-The rates of the electron transfer of P700 + -A 0 -A 1 ® P700 + -A 0 A 1 -were measured by a ps-ns transient absorption spectroscopy in the quinone-reconstituted PSI complex (Kumazaki et al. 1994a . The tested quinones gave the free energy gap (DG) between A 0 and quinones to be from -1.1 to 0.2 eV. The maximum rate constant (k) of 4.35´10 10 s -1 was obtained in the complex reconstituted with intrinsic phylloquinone or menaquinone, which gave a DG of -0.34 eV. The rate was comparable to that reported in the PSI complex with higher number of antenna Chl a (Hastings et al. 1995) . At the higher or lower DG values, the electron transfer occurred at a lower rate (30 ps < t 1/e < 60 ns). The log k vs. DG plot over three orders of rate constants and over 1.3 eV of DG, thus, showed a bell shape with a maximum at the intrinsic phylloquinone as expected from the electron transfer theory proposed by Marcus and Sutin (1985) . Based on this analysis, the structural feature of the cofactor binding site was estimated as follows; (1) the edge-to-edge distance between A 0 and A 1 is 7.8 Å, (2) the total reorganization energy of the A 0 -A 1 reaction is 0.30 eV, and (3) the effective dielectric constant between the nearby A 0 and A 1 is 2.4 . These features, especially the small reorganization energy of the A 0 -A 1 reaction that is in agreement with the DG value of the reaction, seem to contribute to the fast forward electron transfer rate. The DG dependence was different from that of the comparable bacteriopheophytin-Q A reaction in the RC complex of a purple bacteria Rhodobacter sphaeroides (Gunner and Dutton 1989) in which the intrinsic ubiquinone gave the optimum rate constant of 10 9 s -1 with a longer distance of 10 Å and an estimated reorganization energy of 0.7 eV. Two types of RC complexes, therefore, seem to have been optimized in somewhat different directions.
Location of the phylloquinone active in the electron transfer-Electron spin echo envelope modulation (ESEEM) experiments showed that the artificial and intrinsic quinones bound almost properly at the A 1 site. The P700 + -A 1 -distance was estimated to be 25-26 Å in the PSI complex reconstituted with phylloquinone, dibromonaphthoquinone, anthraquinone or fluorenones (Dzuba et al. 1997 . The A 1 location was consistent with that estimated by the recent X-ray crystal structure (Klukas et al. 1999) . The results confirmed that the geometry of the P700-A 0 -A 1 arrangement was well preserved even after the ether-extraction . By the ESEEM study of the PSI complex in oriented films, the axis connecting P700 + and A 1 -was estimated to be tilted by 24°relative to that of the P700-F X axis (Yoshii et al. 1999) , suggesting that the P700-Q k side (tilted by 23°) rather than the P700-Q k ¢ side (tilted by 29°) estimated by the X-ray structure is more probable to be the active electron transfer branch. The result is somewhat different from that estimated by the ESEEM study of the PSI crystal . The lifetime of P700 + -A 1 -state was shown to be extended by singlet-triplet spin exchange by microwave irradiation (Dzuba et al. 1997) .
Quinones in type I RC of Heliobacterium-Menaquinone (VK 2 ) is the only quinone found in Heliobacterium chlorum (Hiraishi 1989) . When the menaquinones were completely extracted with ether, the flash-induced absorption changes due to P798 were not significantly changed, i.e. the photo-oxidized P798 decayed mostly in the ms time range as shown in the control thylakoids (Kleinherenbrink et al. 1993) . Therefore, the menaquinone might not be an essential participant in the electron transfer of the heliobacterial RC in contrast to the role of phylloquinones in PSI.
Carotenoids
Carotenoids, including a 15-cis-b-carotene, which are suggested to be present in the PSI RC core (Bialek-Bylka et al. 1996 , Bialek-Bylka et al. 1998 , were completely extracted with ether at any water-saturation level Katoh 1975, Ikegami and Katoh 1989) . In the ether-extracted PSI complexes, which lacked carotenoids and phylloquinone, the triplet state of P700 (P700 T ) was formed by the charge recombination between P700 + and A 0 -with a yield of 30% . The long lifetime of P700 T (ca. 40 ms) was further extended to 600 ms by the removal of oxygen. These results could be interpreted by a loss of quenching of P700
T by carotenoids since the lifetime of P700
T was short (6 ms) and insensitive to oxygen in intact PSI complex .
FeS centers
The ether extraction did not remove F X and F A /F B . The photoreduction of F A /F B was observed even without reconstitution of phylloquinone under either continuous illumination or repeated flash excitation at 10 K . The EPR signal of F X was also detected after the ether extraction without reconstitution of A 1 . The g x value of F X gradually shifted to a low magnetic field as the loss of antenna Chls . The reincorporation of Chl a resulted in a partial recovery of this shift, suggesting the structural change of F X by the loss of Chls. By analysis of the decay kinetics of P700 + after a single-flash excitation, the rate of the forward electron transfer from A 0 to F X was estimated to be about 300-400 ns in the absence of phylloquinone at room and cryogenic temperatures , which was about 5-10 times slower than that from A 0 to F X in the presence of phylloquinone (see a review by Brettel 1997).
Concluding remarks
We have shown that by the ether treatment, antenna Chls, carotenoids, phylloquinone and lipids were selectively extracted from PSI without any significant damages on polypeptides and other electron transfer cofactors. Thus, the method has provided various experimental systems for the replacement of these cofactors. A new oxygenic cyanobacteria-like organism, Acaryochloris marina was recently shown to contain PSI RC with Chl d as the special pair (named P740) and antenna pigments, instead of Chl a (Miyashita et al. 1996 , Miyashita et al. 1997 , Hu et al. 1998 . The organism seems to be a natural example of the pigment replacement. Another natural Chl exchange was shown in an aerobic, acidophilic purple bacterium Acidiphilium rubrum. Wakao et al. (1996) showed that the organism contains Zn-containing BChl a, instead of Mg-containing BChl a in its light harvesting and RC complexes. These new organisms, as well as a wide variety of type-I and type-II RCs, suggest that the modern photosynthesis has evolved through vast trials of natural exchanges of pigments, metal cofactors and polypeptides. The ether-extraction procedure seems to be a useful tool to explore this history. We are now trying to replace P700, A and A 0 by natural/artificial Chls on the etherextracted complexes. Reconstitution studies of Chls, carotenoids, lipids and quinones should be helpful in elucidating the relationship between the structure/function of different photosynthetic systems found in a wide variety of organisms on the surface of the Earth.
